Introduction
Copper is one of the important alloying elements in commercial aluminum alloys to improve their mechanical properties. In surface treatments of Al-Cu alloys, the copper atoms enrich at the alloy/film interface as a consequence of preferential oxidation of aluminum 1） ～ 3） . In particular, it was shown that only aluminum is oxidized at the alloy/film interface and copper atoms accumulate in a thin alloy layer, 1-2 nm thick, immediately beneath the anodic film during initial stage of anodizing in a barrier film forming electrolyte. The accumulation of copper atoms was quantitatively examined by Rutherford backscattering spectroscopy
. The interfacial copper enrichment influences the morphology of porous films formed on aluminum in acid anodizing
6）
. GDOES is now a widely accepted technique for elemental depth profiling of thin films, conducting or non-conducting, less than 10 nm thickness 7） ～11） . Even molecular monolayers adsorbed on metal surfaces were successfully depth profiled by the GDOES 12） ～13）
. Such high depth resolution is originated from the Ar ＋ ions of low energies <50 eV, wide incident angles and high current densities of the order of 100 mA cm -2
. In this study, we demonstrate the successful utilization of GDOES for quantitative analysis of copper atoms accumulated in a thin alloy layer beneath the anodic film formed on Al-0.9 at% Cu alloy.
Experimental
Al-0.9 at% Cu alloy thin films were magnetron-sputtered onto anodized 99.99% pure aluminum substrate with flat surface. The alloy specimens were then anodized to selected formation voltages at a constant current density of 50 A m -2 in 0.1 mol dm -3
ammonium pentaborate electrolyte at 298 K. The anodized specimens were analyzed using Rutherford backscattering spectroscopy （RBS） , using a 2.0 MeV He 2＋ ion beam supplied by a tandemtype accelerator at Tohoku University. The scattered particles were detected at 170° to the incident beam direction, which was normal to the specimen surface. GDOES depth profile analysis was conducted using a Jobin-Yvon 5000 RF of 13.56 MHz and power of 35 W. Light emissions of characteristic wavelengths were monitored throughout the analysis with a sampling time of 0.01 s. The wavelengths of the spectral lines used were 396. 152, 224.700, 121.567, 130.217, 249 .678 nm for aluminum, copper, hydrogen, oxygen and boron, respectively.
Results and discussion
Anodizing of the Al-0.9 at% Cu alloy film at 50 A m -2 in ammonium pentaborate electrolyte resulted in a linear voltage rise with a slope of 2.3 V s -1 up to 100 V after initial voltage surge of 2 V, which reflects the presence of an air-formed film. The behavior was similar to that for high purity aluminum. Transmission electron micrograph of an ultramicrotomed section of the alloy film anodized to 100 V disclosed the formation of a uniform barrier-type anodic film of 120 nm thickness with a thin dark alloy layer, ～ 1.5 nm thick, immediately beneath the anodic film. The dark layer corresponded to the alloy layer highly enriched in copper atoms, as reported previously
. The accumulation of copper atoms in the thin layer beneath the anodic film was quantitatively analyzed by RBS. Figure 1a shows RBS spectra of the Al-0.9 at% Cu alloy anodized to 50 and 100 V. The leading edge of copper yield shifts toward lower energy with an increase in the formation voltage and a peak at the alloy/film interface region appears and becomes more intense at higher formation voltage. From simulation of the experimental spectra, the composition of each layer was determined. It was confirmed from simulation that the anodic film formed to 100 V was essentially free from copper species. Thus, under the present anodizing conditions only aluminum was oxidized to form an alumina film and copper atoms are accumulated at the alloy surface without oxidation. The number of accumulated copper atoms increases linearly with the formation voltage, as shown in Fig. 1b . Assuming the thickness of an enriched alloy layer of 1.5 nm, the average composition of the enriched alloy layer is Al-30 at% Cu after anodizing to 100 V, being more than 30 times enrichment of copper with respect to the sputter-deposited alloy composition. Figure 2 shows the GDOES depth profiles of the alloy specimens after anodizing to 40 and 100 V. It is obvious from the both depth profiles that the anodic films are free from copper species. The intensity of copper rises steeply at the alloy/film interface, showing a peak immediately beneath the anodic film. The peak intensity increases with an increase in the formation voltage. In the anodic films, boron species are incorporated and distribute in the outer 40% of the film thickness. It is well known that the boron species incorporated into anodic alumina is immobile during film growth at high current efficiency
14）
. Since the transport number of cations for anodic alumina is 0. 4   15） , the immobile boron species incorpo-
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Fig. 2 GDOES depth profiles of the sputter-deposited
Al-0.9 at% Cu alloy anodized to （a） 50 and （b） 100 V at 50 A m -2 in 0.1 mol dm -3 ammonium pentaborate electrolyte at 293 K. 
Conclusions
The present study demonstrates the quantitative evaluation of the amount of copper atoms accumulated in a thin alloy layer, ～ 1.5 nm thick, immediately beneath the anodic films up to 120 nm thickness by GDOES depth profile analysis. This has been conducted so far only by RBS, which is not readily available, and GDOES provides another method to examine the interfacial process in anodizing of binary aluminum alloys.
